Background: Tumor metastasis causes high mortality in patients with malignancies. In carcinomas, overexpression of high-mobility-group A2 (HMGA2) in cancer cells would lead to tumor development and epithelial to mesenchymal transition (EMT), promoting metastasis. This study evaluated HMGA2 overexpression for its effects on pancreatic cancer (PC). Methods: HMGA2 protein levels were immunohistochemically assessed in human PC tissue specimens and evaluated for associations with patients' clinicopathological findings. In human PC CAPAN 1 cells after HMGA2 expression was silenced or overexpressed, Transwell migration and invasion assays were performed, and EMT marker levels (Ecadherin, N-cadherin and Vimentin) were determined by immunoblot. Results: HMGA2 and Vimentin were found in 43% and 45% of PC tissue samples, respectively, while E-cadherin was absent in 60%. HMGA2 expression, loss of E-cadherin and Vimentin expression were significantly associated with clinical stage, tumor differentiation and lymph node metastasis. More importantly, univariate and multivariate analysis demonstrated that HMGA2 expression is an independent prognostic factor for patients with pancreatic cancer. Meanwhile, HMGA2-silenced CAPAN 1 cells showed reduced migration and invasion ability while HMGA2-overexpressed CAPAN 1 cells showed increased migration and invasion ability. Increased E-cadherin (epithelial marker) and reduced N-cadherin and Vimentin (mesenchymal markers) were found in HMGA2-silenced cells, while reduced E-cadherin and increased N-cadherin and Vimentin were found in HMGA2-overexpressed cells. Furthermore, Snail and Zeb1 (transcriptional factors) were reduced in HMGA2-silenced cells and increased in HMGA2-overexpressed cells. Conclusion: Our findings demonstrate that HMGA2 expression correlates with advanced tumor grades, lymph node metastasis and poor prognosis and may be a novel prognosis/ therapeutic marker for PC.
Introduction
The epithelial to mesenchymal transition (EMT) constitutes one of the most critical physiological processes in development biology, with the cells losing their epithelial features and gaining mesenchymal ones 1 . Recent reports have indicated EMT involvement in the malignant conversion of tumor cells; therefore, it reflects invasive or metastasizing properties in a variety of cancers2 In EMT, cancer cells enhance their abilities of migration and invasion. The characteristic changes of EMT comprise the downregulation of the epithelial protein E-cadherin and increased levels of many mesenchymal molecules, including vimentin and N-cadherin. 3, 4 However, the exact mechanism of EMT remains to be clarified. High-mobility group AT-hook (HMGA2) changes the DNA structure as an architectural factor, thereby regulating DNA-dependent activities, including transcription, replication and repair. 5, 6 HMGA2 is found at high levels in the embryo, but rarely expressed or absent in normal adult tissues, indicating its function in cell proliferation and differentiation7 However, several reports revealed that HMGA2 shows elevated amounts in cancer and is involved in tumor metastasis via EMT8 Overexpression of HMGA2 is significantly correlated with metastasis and poor prognosis in several cancers such as triple negative breast,9 ovarian,10 gastric,11 colorectal 12 and non-small cell lung 13 cancers.
Strell et al. 14 found HMGA2 is overexpressed in pancreatic cancer (PC), with levels showing tight associations with tumor differentiation, clinical stage and clinical prognosis. However, HMGA2 association with EMT features remains undefined. This work assessed HMGA2, E-cadherin and Vimentin levels in PC, and determined the association of HMGA2 with prognosis in PC patients. Finally, we further explored the mechanism by which HMGA2 affects EMT in vitro using PC cell lines. 
Materials and methods

Patients and specimens
Cells and culture
Pancreatic cancer CAPAN 1 cells were provided by American Type Culture Collection (ATCC, USA), and maintained in Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 mg/ml) (all from Life Technologies, USA), at 37°C in an incubator with 5% CO2.
Immunohistochemical staining
Paraffin embedded pancreatic ductal adenocarcinoma specimens were sectioned and pretreated at 60°C (1 h), followed by dewaxing in xylene, re-hydration with graded ethanol and incubation with citrate buffer (pH6.0) for antigen retrieval. 
Small interfering RNA-mediated knockdown
Short interfering RNAs (siRNAs) targeting HMGA2 (HMGA2-siRNA1: CACAACAAGUCGUUCAGAA; and HMGA2-siRNA2: AGAGGCAGACCUAGGAAAU) and a GFP control siRNA (GFP-si) were provided by GenePharma (China). Cells were transfected in six well plates with Lipofectamine 3000 (Life Technologies) as instructed by the manufacturer. Knockdown efficiency was assessed by immunoblot.
Generation of HMGA2-overexpressing cells
Plasmid pcDNA HMGA2 overexpressing HMGA2 or nontarget controls (pcDNA) were purchased from Shanghai Genechem Co., Ltd (China). We transfected the plasmid pcDNA-HMGA2 and non-target controls (pcDNA) into the CAPAN 1 cells with the Lipofectamine 3000 (Invitrogen). Forty-eight hours after transfection, the protein levels of HMGA2 were determined by western blotting.
Quantitative RT-PCR
Cell total RNA was obtained with TRIzol reagent (Life technologies) as instructed by the manufacturer. After reverse transcription, the resulting cDNA was amplified by quantitative RT-PCR (qRT-PCR) with a SYBR Premix Ex Tag kit (TaKaRa) on an ABI 7,500 Sequencing Detection System (Applied Biosystems, USA). Data were normalized to GAPDH expression. The following primers were used:
HMGA2, sense 5ʹ-CAGGATGAGCGCACGCGGTGA GGGC-3ʹ and antisense 5ʹ-CCATTTCCTAGGTCTGCCTC TTGGC-3ʹ; GAPDH, sense 5ʹ-GGACCTGACCTGCCGTCT AG-3ʹ and antisense 5ʹ-GTAGCCCAGGATGCCCTTGA-3ʹ.
Immunoblot
Cell lysis was performed with precooled RIPA buffer (Sigma, USA). After centrifugation (12,000×g, 4°C, 20 min) protein amounts were determined in the supernatant. Equal amounts of total protein were resolved by 10% SDS-PAGE and electro-transferred onto nitrocellulose membranes (Millipore). The membranes were blocked and incubated overnight at 4°C with primary antibodies targeting HMGA2, E-cadherin, vimentin, Ncadherin, Snail, Zeb1 (Cell Signaling Technology, USA) and GAPDH (Santa Cruz, USA). All the primary antibodies were diluted to 1:1000 in TBST. After three washes with TBST, secondary antibodies were added for 1h at room temperature. Visualization was performed on a LI-COR infrared imaging system (LI-COR).
Migration and invasion assays
In migration assay, 5×10
4 pancreatic cancer cells in serum-free DMEM were plated in 24-well chambers (Corning Costar, USA) with no matrigel coating. In invasion assay, the upper chamber was pre-treated with matrigel (BD Bioscience) before addition of 5×10 4 cells in serum-free DMEM. After 24 h of culture, the cells crossing the membranes were incubated with 0.5% crystal violet and numbered using an inverted microscope. Cell numbers in 5 randomly selected high power fields were assessed. 
Results
HMGA2, E-cadherin and vimentin protein levels in pancreatic cancer specimens and normal tissues
By immunohistochemical staining, we found that HMGA2 was mainly expressed in nuclei or the cytoplasm of human pancreatic cancer cells ( Figure 1A and B), while vimentin was mainly found in the cytoplasm or membrane of tumor cells ( Figure 1C and D) . Meanwhile, E-cadherin showed positive signals in the membrane of normal cells from human normal pancreatic tissues ( Figure 1E and F). No HMGA2 expression was found in the 9 non-cancerous pancreatic specimens; however, positive signals for HMGA2 were observed in 43% (26/60) of pancreatic cancer tissue specimens (P<0.001). A total of 36 PC cases (60%) did not express E-cadherin among the 60 assessed, while the 9 normal pancreatic tissue samples had positive staining for E-cadherin (P<0.001). Vimentin was expressed in 27 of the 60 cases (45%) of pancreatic cancer tissue samples, whereas the 9 normal pancreatic tissue samples showed no expression.
Associations of HMGA2, E-cadherin and vimentin protein amounts with clinicopathological properties of pancreatic cancer samples
As shown in Table 1 , HMGA2 levels in pancreatic cancer were tightly associated with clinical stage (P=0.0285) and 
Association between HMGA2 expression and patient survival
The effect of HMGA2, E-cadherin and vimentin expression, on patient survival, were examined with KaplanMeier analysis and the log-rank test. Patients with positive expression of HMGA2 and vimentin had markedly reduced overall survival (OS) compared with individuals not expressing the protein (Figure 2A and B) . Meanwhile, patients with E-cadherin negative expression showed shorter OS compared with those positive expression ( Figure 2C ). Then we used univariate and multivariate analyses to confirm whether HMGA2 expression was an independent predictor of a negative prognosis. As shown in Table 2 , HMGA2 expression (P=0.038) was an independent prognostic indicator for overall survival. (Table 2 ) Taken together, our data suggested that HMGA2 expression was obviously associated with the prognosis and also was an independent prognostic factor for patients with pancreatic cancer. reduced HMGA2 protein amounts in PC cells in comparison with the NC group ( Figure 3A and B) . In order to increase the HMGA2 protein expression in CAPAN 1 cells, cells were transfected with Plasmid pcDNA HMGA2 or non-target controls (pcDNA). The results of Western blot in Figure 3C and D indicated that Plasmid pcDNA HMGA2 significantly increased the expression of HMGA2 protein in PC cells when compared to the NC group. Importantly, HMGA2 knockdown cells showed decreased migration and invasion rates in comparison with the control group ( Figure 4A and B) , while HMGA2 overexpression cells showed increased migration and invasion rates in comparison with the control group ( Figure 4C and D) .
HMGA2 promotes the migration and invasion in PC cells
HMGA2 promotes EMT
Regulation migration and invasion abilities in HMGA2 silenced and overexpressed pancreatic cancer cells indicated HMGA2 contributes to EMT and metastasis. To further assess HMGA2 significance in EMT, the levels of known EMTassociated proteins were assessed after HMGA2 silencing and overexpression by immunoblot. Interestingly, higher amounts of E-cadherin and lower N-cadherin and vimentin levels were observed in HMGA2 knockdown PC cells while lower amounts of E-cadherin and higher N-cadherin and vimentin levels were observed in HMGA2 overexpressed cells. In agreement, HMGA2 silencing resulted in downregulated Snail and Zeb1, two transcriptional markers involved in EMT, while HMGA2 overexpression resulted in increased Snail and Zeb 1. (Figure 5 ).
Discussion
In EMT, cancer cells lose their epithelial properties and gain mesenchymal ones, with increased malignant potential. 15, 16 Signaling molecules, including Zeb1
and Snail, contribute to EMT, although the underpinning mechanisms remain largely unclear. 17,18 HMGA2 constitutes a novel factor affecting EMT in epithelial malignant tumors. 19, 20 HMGA2, found in several malignancies, is associated with tumor aggressiveness and poor prognosis. 12, 21 There are only two studies suggesting that HMGA2 is over-expressed in patients with pancreatic cancer, with its expression associated with patient's prognosis. 14, 22 However, the association of poor prognosis with HMGA2 over-expression remains undefined. Therefore, the current work assessed the clinical effects of HMGA2 as well as its association with EMT in PC. EMT is critical for PC progression. 23, 24 In other carcinomas, HMGA2 contributes to cancer metastasis and progression via EMT induction; 19, 20 meanwhile, HMGA2 involvement in EMT in PC was reported by a single study25 Therefore, HMGA2, E-cadherin and vimentin levels were assessed in 60 PC tissue specimens in this study, in an effort to evaluate HMGA2 effects on EMT features. As sown above, HMGA2 was negatively associated with E-cadherin amounts and displayed a positive correlation with vimentin levels. In addition, HMGA2 presence, loss of E-cadherin and vimentin expression were able to predict tumor progression and prognosis in pancreatic cancer. More importantly, by univariate and multivariate analyses we confirmed that HMGA2 expression was an independent prognostic indicator for overall survival of patients with pancreatic cancer. These findings indicated that HMGA2 suppression may prevent EMT.
To further define HMGA2 function during EMT, HMGA2 was silenced and overexpressed in human pancreatic cancer CAPAN 1 cells, and multiple EMT-associated proteins were detected. Zeb1, a transcription factor, promotes EMT by downregulating E-cadherin through interactions with its E-box18 Snail, another transcription factor, directly downregulates E-cadherin mRNA synthesis in EMT (17) . We hypothesized that EMT-associated proteins are altered in expression after HMGA2 silencing. Indeed, HMGA2 silencing resulted in E-cadherin upregulation and N-cadherin, Zeb1, and Snail downregulation, while HMGA2 overexpression resulted in E-cadherin downregulation and N-cadherin, Zeb1, and Snail upregulation. In agreement, the migration and invasion abilities of CAPAN 1 cells were markedly reduced after HMGA2 silencing and significantly increased after HMGA2 overexpression. These findings indicated that HMGA2 contributes to EMT, and constitutes a molecular target for modulating malignancy in PC.
Conclusion
Overall, the current findings suggested that HMGA2 overexpression is critical in the late stage of PC and unveiled the association of HMGA2 with EMT in this malignancy. Additionally, HMGA2 expression markedly enhanced PC cell migration, invasion and EMT in vitro. Therefore, HMGA2 should be considered a novel biomarker for prognosis and may be a potential therapeutic target in pancreatic cancer.
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